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Pseudo-binary sodium borate glasses containing (1  y)Na2B4O7–yMaOb (where MaOb = PbO, Bi2O3 and TeO2) (y = 0.25, 0.5, 0.67
and 0.79) have been investigated. Sound velocities (longitudinal and shear) have been measured at 10 MHz frequency using quartz trans-
ducers. Density increases with increase of y and the molar volume decreases. Sound velocities also decrease with increasing y till y  0.66
above which it increases slightly. Steeper decrease in velocities has been observed in TeO2 containing glasses. Elastic moduli, Poisson’s
ratio and Debye temperature have been calculated. Glass transition temperatures have also been determined and it decreases with
increase of y. Tg also exhibits a dependence on the cationic charge in MaOb. Infrared spectra of the glasses reveal that the strong network
consisting of diborate units is aﬀected only by PbO and only very marginally by Bi2O3 and TeO2. Only glasses with high concentrations
of Bi2O3 and TeO2 reveal the presence of mixed bridges such as Bi–O–B and Te–O–B. Consistent with the IR spectral observations, the
N4 values of
11B MAS-NMR remain close to the ideal value of 0.5 of the diborate composition in most of the glasses. A structural model
based on the observation that the diborate network is unaﬀected by Bi2O3 and TeO2 where as PbO opens up and breaks the diborate
units is shown to be consistent with all of the experimental observations including mechanical properties.
 2007 Elsevier B.V. All rights reserved.
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Glasses containing heavy non-transition metal oxides
give rise to high refractive indices [1–3] and non-linear opti-
cal properties [4]. Therefore glasses made with PbO, Bi2O3
and TeO2 additions to other glass formers like B2O3 have
been at the focus of several research investigations. Bi2O3
rich glasses are good c-ray absorbers and have been
candidates for use in scintillation detectors in high energy0022-3093/$ - see front matter  2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jnoncrysol.2006.12.117
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E-mail address: kjrao@sscu.iisc.ernet.in (K.J. Rao).physics [5–8]. Bi2O3 containing glasses are also good pre-
cursors for the preparation of ceramic high Tc supercon-
ductors [9–11]. Tellurite glasses have special applications
such as in making IR domes, laser windows and other
optical devices [12–15]. It is very well known that glasses
containing PbO exhibit high refractive indices and low
crystallization tendency [16]. They are also low melting
glasses with low glass transition temperatures. A preferred
host glass for the addition of the above oxides in several
investigations has been B2O3 [1,17]. B2O3 is a good glass
former and is a primary component of many large volume
industrial glasses including those used in nuclear waste
V.C. Veeranna Gowda et al. / Journal of Non-Crystalline Solids 353 (2007) 1150–1163 1151disposal [18–20]. We have investigated in this paper sodium
lead borate, sodium bismuth borate and sodium tellurium
borate glasses.
B2O3 exhibits unique structural features. Boron is gener-
ally present in both trigonal and tetrahedral coordination of
oxygen [21–23]. The proportion of trigonal and tetrahedral
boron depends on both the chemistry and concentration of
the added modiﬁer oxides. PbO behaves both as a network
former and as a network modiﬁer in glasses [24–28]. This
role seems to be a function of PbO concentration in the
glass. When PbO acts as a network former, Pb atoms gen-
erally take up four coordinating positions and the lead oxy-
gen polyhedron can be represented as [PbO4/2]
2 [29].
Formation of [PbO4/2]
2 requires additional oxygen atoms
which are made available through other mechanisms (see
later). TeO2 also exhibits two structural motifs in glasses;
[TeO4/2]
0 which has a trigonal bipyramidal (tbp) and
[TeOO2/2]
0 which has a trigonal pyramidal (tp) structure.
Trigonal pyramidal units form chains while [TeO4/2]
0 tbp
units lead to three-dimensional structures [30]. Bismuth
from Bi2O3 generally tends to occupy octahedral positions
in glass structure [31,32]. The additional oxygens required
for octahedral coordination of Bi are provided by the oxy-
gen atoms in the host matrix through non-bonding coordi-
nation, because Bi2O3 by itself can only give rise to [BiO3/2]
0
units.
An important chemical feature of PbO, Bi2O3 and TeO2
is the increasing valency of the metal atom [Pb: 2, Bi: 3 and
Te: 4]. Therefore their additions aﬀect the oxygen to metal
atom ratios in the resulting glasses even when their molar
percentages are kept equal. Also, all the three atoms, Pb,
Bi and Te carry lone pairs in their bonded states. Presence
of lone pairs leads to unique structural chemistry, since
lone pairs can be stereochemically active and behave as if
the lone pairs substitute for a ligand. Lone pairs are also
a readily available source of polarizable electrons and are
known to aﬀect adversely mobilities of carrier ions like
Li+ [33]. Boron, on the contrary is electron deﬁcient which
accounts for its some what ready acceptance of bonding
pair of electrons from oxide ions during trigonal to tetrahe-
dral conversion. Therefore in the system of glasses investi-
gated here, we may consider that B2O3 is present with one
of the three oxides, PbO, Bi2O3 or TeO2 and it is combina-
tion of an electron poor and electron rich atoms in the glass
structure. In such a glass when a modiﬁer oxide (Na2O) is
added, the oxide ion of the modiﬁer may either be prefer-
entially attracted towards [BO3/2]
0 units leading to the for-
mation of tetrahedral borate units or it may be taken up by
the PbO, Bi2O3 or TeO2 for forming network structures.
Correspondingly the connectivities in the structure get
aﬀected in a major way which should manifest in the
mechanical properties of the resulting glasses. Investigation
of the mechanical properties of such glasses is an important
objective of this paper.
In order to sharpen the focus of this investigation, we
have kept the ratio of alkali to B2O3 in our glasses as 1:2
(diborate) which is well known to consist of tightly boundunits of diborate groups in which equal number of trigonal
and tetrahedral boron atoms are present [21,22]. It would
appear that when a second glass forming oxide is present
in such a diborate glass all of the O2 ions of Na2O in
the system may not be made available for B2O3. Or, if
the second oxide behaves like a modiﬁer, the O2 ion con-
centration may exceed the requirement for the diborate
composition. In either case trigonal to tetrahedral boron
ratio is expected to decrease from its peak value of 1.0
expected of diborate glass. The result is network degrada-
tion (covalent connectivities decrease) which aﬀects the
mechanical properties, particularly the shear moduli or
the ‘stiﬀness’ of the glass.
Further, to make some of the correlations more meaning-
ful, we have studied other properties such as variation of
molar volumes, glass transition temperatures, infrared
(IR-mid range) and high resolution magic angle spinning
nuclear magnetic resonance (HR MAS NMR) spectra of
the glasses as a function of composition. Elastic moduli,
Poisson’s ratio and Debye temperatures have been calcu-
lated using ultrasound velocitymeasurements. The observed
properties have been shown to be consistent with a struc-
tural model in which the stability or degradation of the dib-
orate units is considered as central to the observations. In
the next and the subsequent sections, the experimental pro-
cedures adopted in the present studies, the results obtained
and discussions of the observations are presented. In the last
section, our observations are summarized.
2. Experimental procedures
Three glass systems have been prepared for our studies in
which the amounts of the oxides, PbO, Bi2O3 and TeO2,
have been varied as xNa2O–2xB2O3–(1  3x)MaOb. Since
xNa2O–2xB2O3 {x(Na2O–2B2O3)} actually correspond to
diborate, we have the equivalent pseudo-binary system,
(1  y)Na2B4O7–yMaOb where (1  y) = x/(1  2x). y in
the above compositions have been varied from 0.25 to 0.79.
The series of glasses have been designated as pseudo-
binary NBP (sodium diborate–lead oxide), NBB (sodium
diborate–bismuth oxide) and NBT (sodium diborate–tellu-
rium oxide) respectively. Reagent grade H3BO3, TeO2,
Bi2O3, PbO and Na2CO3 Æ H2O were used as the starting
materials. The starting materials were weighed in required
proportions and approximately 20 g batches of the mix-
tures were thoroughly mixed and heated in a porcelain cru-
cible at 450 C for half an hour to remove water and then
the temperature was raised to gradually 1200 C during
which CO2 is also removed. The batches were melted
between 900 C and 1200 C depending on the composi-
tion. Cylindrical glass samples were obtained by quenching
the melt into brass moulds pre-heated (120 C) to avoid
cracking of the samples due to thermal strains. Later, the
samples were annealed by holding them just below their
glass transition temperatures for 6 h and slowly cooling
them to laboratory temperature. Samples were later cut
and polished (under dry condition using silicon carbide
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UK) to obtain end faces parallel and ﬂat in a manner suit-
able for ultrasonic measurements (thickness of about
1 cm). 0.21Na2B4O7–0.79PbO/Bi2O3 glasses were yellowish
in colour. Glasses were quite stable in air and did not exhi-
bit any hygroscopicity. However slight loss of PbO and
Bi2O3 during homogenization of the melt at 1000–
1200 C for few minutes could not be ruled out. The com-
position given in Table 1 refers to the nominal composition
(the starting mixture).
The glassy state of the samples was conﬁrmed using X-
ray diﬀraction (absence of crystalline reﬂection). Density
measurements were performed using the Archimedes tech-
nique with toluene as reference immersion liquid. The accu-
racy of the measurement was ±0.005 g cm3. The molar
volume, Vm was calculated using the relation Vm =M/q,
where M is the molar weight and q is the density of the
glass.
The room temperature ultrasonic measurements were
performed at 10 MHz using x-cut and y-cut quartz trans-
ducers. Salol (phenyl salicilate) was used to bond the trans-
ducers to the samples. Sound velocities were determined by
pulse superposition method using Ultrasonic Interferome-
ter (System Dimensions, Bangalore, India). The round trip
delay time (s) was measured [34] using a Hewlett-Packard
model 54600B oscilloscope. By measuring the thickness
of the sample (d), longitudinal (vl) and transverse (vt) veloc-
ities were calculated using the relation v = 2d/s.
Elastic moduli were calculated using the following stan-
dard relations:
Longitudinal modulus; L ¼ qv2l ð1Þ
Shear modulus; G ¼ qv2t ð2Þ
Bulk modulus; K ¼ L 4
3
G ð3ÞTable 1
The code, compositions of the glasses prepared and its glass transition
temperatures (Tg)
Code Composition in mol% Tg in K
Na2B4O7 PbO
NBP series
NBP1 75 25 618
NBP2 50 50 613
NBP3 33 67 597
NBP4 21 79 577
Na2B4O7 Bi2O3
NBB series
NBB1 75 25 665
NBB2 50 50 650
NBB3 33 67 636
NBB4 21 79 612
Na2B4O7 TeO2
NBT series
NBT1 75 25 685
NBT2 50 50 646
NBT3 33 67 616
NBT4 21 79 591Young’s modulus; E ¼ ð1þ rÞ2G ð4Þ
Poisson’s ratio; r ¼ L 2G
2ðL GÞ ð5Þ
The mean sound velocity vm deﬁned by the relation
3
v3m
¼ 1
v3l
þ 2
v3t
ð6Þ
was used in the calculation of Debye temperature, hD using
the expression
hD ¼ hk
3qnNA
4pM
 1=3
vm ð7Þ
The room temperature infrared absorption spectra of
the glass systems were recorded in KBr pellets on a Perkin
Elmer (PE 580) Spectrometer. Glass transition temperature
(Tg) of the samples were determined using a diﬀerential
scanning calorimeter (Perkin–Elmer DSC-2). A heating
rate of 10/min was employed. The Tg was taken to corre-
spond to the point of intersection of the linearly extended
arms of the rising part of the endothermic elbow.
11B MAS-NMR spectra of the powdered glass samples
were recorded on Bruker MSL 300 Solid State High Reso-
lution NMR Spectrometer operating at 96.28 MHz. Sam-
ple spinning speeds were generally 7 kHz. The chemical
shift values were recorded with respect to the 11B resonance
signal in trimethyl boron and the measurements were made
at room temperature (298 K).
3. Results
The compositions of the glasses, their codes and their
glass transition temperatures are listed in Table 1. X-ray
diﬀraction patterns of the glasses (not shown) did not
reveal any sharp peaks. Only broad humps were observed
typical of amorphous materials. All the results are pre-
sented as a function of y (mol% of MaOb) treating the glass
as pseudo-binary (1  y)Na2B4O7–yMaOb.
The values of the density (q), molar volume (Vm) and
the packing density (Vp) are listed in Table 2. Vp values
were calculated using the formula, V p ¼ ð1=V mÞ
P
iV ixi
where Vi is the packing factor of oxide AmOn and is given
by V i ¼ ð4p=3ÞNA½mR3A þ nR3O where RA and RO are the
Pauling ionic radii of metal and oxygen ions, respectively
[35–37]. Densities of all the glasses (NBP, NBB and
NBT) increase with increase in the concentration of PbO,
Bi2O3 or TeO2 while their molar volumes decrease. In
NBT series, density increases from 2.71 to 3.74 g/cm3
(38%) as y is increased from 0.25 to 0.79 and the molar vol-
ume also decreases 36.1% (70.41–45.01 cm3) in comparison
to NBP and NBB glasses. This is more clearly evident in
Fig. 1(a) and (b).
The velocities (vl and vt) in NBP series show a mono-
tonic decrease with the addition of PbO as shown in
Fig. 2(a) and (b) up to y = 0.67 and thereafter it increases
slightly. Similar velocity trend is observed in NBB glasses
also. But in NBT glasses the decrease is monotonic in the
Table 2
The code, density (q), molar volume (Vm), packing density (Vp) and
fraction of four coordinated boron (N4) for all the glasses studied
Code q (g/cm3) Vm (cm
3) Vp N4
NBP series
NBP1 3.87 53.42 0.98 0.50
NBP2 4.46 47.58 0.81 0.47
NBP3 4.88 44.26 0.65 0.45
NBP4 5.35 40.86 0.54 0.48
NBB series
NBB1 3.50 76.40 0.71 0.54
NBB2 4.82 69.21 0.61 0.55
NBB3 5.78 65.50 0.51 0.57
NBB4 6.72 61.11 0.45 0.58
NBT series
NBT1 2.71 70.41 0.84 0.54
NBT2 3.15 57.21 0.89 0.53
NBT3 3.51 49.38 0.92 0.52
NBT4 3.74 45.01 0.93 0.52
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Fig. 1. (a) and (b) Variation of density and molar volume against y mol%.
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Fig. 2. (a) and (b) Variation of vl and vt against y mol% (ﬁlled d on y-axis
represents the literature value [72]).
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behaviour of K and G is shown in Fig. 3(a) and (b). In NBP
series, K and G decrease with the concentration of PbO tillabout 60 mol% PbO above which they seems to increase
steeply. In NBB glasses, the variation of K and G is similar
but less pronounced compared to NBP glasses. There is a
signiﬁcant increase above 67 mol% Bi2O3. In NBT glass
there is only a slight increase in K above 67 mol% TeO2
but G continuous to decrease. The literature values of K
and G for the sodium diborate glass (y = 0) have been
joined to the NBP, NBB and NBT lines with dotted lines.
The behaviour of L and E are similar to those of K and G
in all glass systems. The Poison’s ratio (Fig. 4) exhibits a
shallow minimum in NBT glasses around 50 mol% TeO2
whereas it exhibits a shallow maximum in NBP and NBB
glasses around 67 mol%. However the variation of r in
both NBT and NBB glasses has a very small range. We
may also note that the sodium diborate glass has a r value
of 0.27 and smooth extrapolation of the lines connects this
point on the y-axis. NBP and NBB glasses also seem to
exhibit very shallow minima in r curves.
The behaviour of hD of the glasses is shown in Fig. 5. hD
decreases in all the three series, NBP, NBB and NBT
glasses with increase in y continuously, but in NBP and
Table 3
The code, sound velocities, elastic moduli, Poisson’s ratio and Debye temperatures have been listed for the glasses studied
Code Sound velocities (m/s) Elastic moduli (GPa) Poisson’s ratio Debye temperature
vl vt vm L G K E r hD (K)
NBP series
NBP1 4235 2561 2831 69.43 25.37 35.59 61.51 0.21 418
NBP2 3554 2112 2339 56.33 19.89 29.80 48.82 0.23 324
NBP3 3230 1807 2012 50.89 15.94 29.64 40.55 0.27 259
NBP4 3541 2015 2241 67.06 21.74 38.08 54.79 0.26 271
NBB series
NBB1 4641 2682 2978 75.39 25.19 41.81 62.92 0.25 399
NBB2 3804 2162 2404 69.74 22.53 39.69 56.84 0.26 312
NBB3 3352 1872 2085 64.96 20.27 37.94 51.61 0.27 261
NBB4 3382 1928 2143 76.90 24.98 43.59 62.92 0.27 263
NBT series
NBT1 5071 2826 3145 69.68 21.65 40.81 55.18 0.27 428
NBT2 4376 2518 2796 60.32 19.97 33.70 50.03 0.25 372
NBT3 4033 2304 2560 57.10 18.64 32.25 46.88 0.26 330
NBT4 3867 2144 2388 55.93 17.19 32.99 43.94 0.28 296
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Fig. 3. (a) and (b) Variation of (a) bulk and (b) shear moduli against y
mol% (ﬁlled d on y-axis represents the literature value [72]).
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ima around 70% MaOb. The value of hD reported for
sodium diborate glass seems to be well predicted by extrap-
olation of the observed hD values.
The variation of glass transition temperature with com-
position is as shown in Fig. 6. In general Tg decreases with
increase in the concentrations of PbO, Bi2O3 and TeO2.
Interestingly the magnitude of decrease also varies as the
cationic charge in MaOb oxides increase. The decrease in
the case of NBT glasses is almost 100 K in the range of
compositions studied (0.25 6 y 6 0.79).
The IR spectra of the NBP, NBB and NBT glasses are
shown in Figs. 7–9, respectively. It is well known that
borate glasses in general exhibit broad absorption peaks
in three regions. Absorption in the region of 1500–
1200 cm1 is due to stretching modes of [BO3] trigonal bor-
ons, 1200–800 cm1 is attributed to the stretching modes of
[BO4]
 tetrahedral borons and the 800–460 cm1 to the
various B–O–B bending modes in [BO3] and [BO4]
 units
[38–41]. These modes are clearly present in all the three sys-
tems and in all the compositions. In NBP glasses the [BO3]
stretching absorption peak is split, indicating the presence
of both [BO3/2]
0 and [BO2/2O]
 borons. The split peaks
also become of similar intensities and shift towards lower
frequencies as y increases. In fact the peaks at 1408 cm1
in NBP1 shifts to 1276 cm1 in NBP4 suggesting signiﬁcant
weakening of these modes. Similar shift occurs in the
[BO4]
 frequencies and the peak at 1016 cm1 in NBP1,
shifts to 925 cm1 in NBP4. A fairly sharp but low intensity
peak in the region of 710–720 cm1 appearing in all glasses
may be attributed to B–O–B (bridge) stretching vibrations.
The absorption peak in the region of 460–470 cm1 can be
associated with B–O–B bending modes. In the region of the
spectra studied here no speciﬁc feature is present which can
be associated with vibrations due to [PbOn] type of group-
ings. Modes of such groups are expected in the region of
400 cm1.0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 6. Variation of glass transition temperature (Tg) against y mol%
(ﬁlled d on y-axis represents the literature value [62]). Fig. 8. Typical IR spectra of NBB glasses.
Fig. 9. Typical IR spectra of NBT glasses.
Fig. 10. Typical 11B MAS-NMR spectra NBP glasses.
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[BO4]
 group frequencies are better resolved than in NBP
glasses. There is a feature which emerges in the region of
530 cm1 attributable to [BiOn] vibrations [42,43], because,
these peaks grow in intensity as Bi2O3 concentration
increases [44]. Increased Bi2O3 concentration also smears
out the features in the shoulders of the [BO3] and [BO4]

stretching peaks although there is a red shift in the peak
frequencies of both [BO3] (from 1344 cm
1 to 1253 cm1)
and [BO4]
 (from 1003 cm1 to 894 cm1).
IR spectra of NBT glasses are rather well resolved in all
compositions. The spectra were recorded repeatedly with
several independent preparations of the glasses to conﬁrm
that indeed the spectra originated from glassy samples.
There are several absorptions below 800 cm1 which grow
in intensity as TeO2 concentration increases. The promi-
nent absorption at 610 cm1 can perhaps be attributed to
[TeO4]
0 groups (tbp units) [30,45–48] where as 665 cm1
and 744 cm1 peak clearly seen in NBT4 glass spectra is
likely due to [TeO3]
0 groups (tp units) [30,45–48]. The fre-
quencies of the major peaks are remarkably unaﬀected by
the concentration of TeO2. Thus the spectra of glasses seem
to indicate (i) substantial changes and shifts occur in the
stretching vibrations in PbO containing NBP glasses (ii)moderate shifts occur in the Bi2O3 containing NBB glasses
and (iii) very little change occurs in TeO2 containing NBT
glasses.
High resolution MAS NMR spectra of the three systems
of glasses are shown in Figs. 10–12. The main features are
the central resonance peak of 11B in the tetrahedral [BO4]

groups superimposed on the quadrupolar split resonance
peak of 11B in [BO3] groups [49–57]. Areas under the reso-
nance peaks were measured and apportioned to quadrapo-
lar split [B3] and the central [B4]
 resonances. The N4
values calculated as B4/(B4+B3) [51,52,58] are listed in
Table 2. The important point to note is that the MAS
NMR suggests a nearly ideal value of 0.5 of the diborate
composition in all glasses except in NBP glasses where it
falls slightly below 0.5 in PbO rich compositions.
Considered together the results suggest that sodium dib-
orate glass structures are aﬀected by addition of only PbO
and not by either TeO2 or Bi2O3. Indeed TeO2 seems to
aﬀect the diborate structure the least.4. Discussion
We may ﬁrst consider the nature of variation of molar
volumes. From Fig. 1b the molar volume of Na2O–
Fig. 12. Typical 11B MAS-NMR spectra of NBT glasses.
Fig. 11. Typical 11B MAS-NMR spectra of NBB glasses.
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volumes of NBB and NBT series of glasses and it corre-
sponds to 83.4 cm3. Extrapolation towards y = 1.0 gives
molar volumes of hypothetical, Bi2O3 (55.9 cm
3) and
TeO2 (38.1 cm
3) glass. The extrapolation of the volume
of PbO (23.8 cm3) glass is based on the molar volume of
yellow (crystalline) PbO of (23.15 cm3). Molar volumes of
crystalline Bi2O3 and TeO2 are 52.35 cm
3 and 27.05 cm3,
respectively. Therefore the extrapolated volumes in NBB
glasses suggest that there is near ideal mixing of the sodium
diborate glass and the hypothetical Bi2O3 glasses and there
may not be any drastic chemical restructuring of the dib-
orate glass when Bi2O3 is added to it. But both PbO and
to a much smaller extent TeO2, appears to have expanded
(opened up) the structure of the diborate glass. They might
have even caused ‘breaking down’ of the diborate structure
in order to achieve optimum packing and bonding. As the
percentage of PbO and TeO2 increases, the glass structure
seems to become more open (less dense) compared to
known molar volumes of PbO and TeO2 in their crystalline
state. This indicates a gradual evolution of network like
structure of PbO in PbO-rich glasses and increased tbp
structures of TeO2. The molar volume of Na2B4O7 glass
obtained by extrapolation (83.4 cm3) is nearly equal to
the molar volume of crystalline Na2B4O7 (84.9 cm
3).
Borate glasses generally consist of several structural
groupings like [BO3/2]
0, [BO4/2]
, boroxol rings, triborate,
diborate, etc. units [59,60]. In the stoichiometric diborateglass, we should expect the dominant presence of diborate
units in the structure, although presence of other species is
not ruled out as they would contribute towards lowering of
free energies by increasing the conﬁgurational entropy. For
the present purpose we assume that only diborate units
play the most important role and examine our observations
from that structural perspective. The structure of the dib-
orate (DB) unit is2-
O
B
O
O
B
B
B
O
O
O O
O
O
 [B4O7]2-
2-DB has two tetrahedral borons in bridge position and
as noted earlier is a tight symmetrical geometry with no
NBOs in the structure. It carries a charge of 2 which is
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down successively, ﬁrst at the bridge and then in the ring
the unit becomesO O
B O
O
B
O B
O
B O
O
O OO
B
O
O
B
B
B
O
O
O O
O
O 2-
O
B
O
O
O
O
B O
O
B
O B
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OIn the process the charge gets localized on the two B4 ,
[BO4/2]
 units. Also, the structure becomes more relaxed
[41]. The clear indication of this is softening of the vibra-
tional frequencies (particularly bending modes) which get
red shifted. Such breaking open of the cyclic unit also pro-
vides more connectivity to the borate units. Thus bicyclic
DB, [B4O7]
2 unit has a connectivity of 4 while the mono-
cyclic [B4O7]
2 has connectivity of 6 and the chain has a
connectivity of 8 without aﬀecting the chemistry of the dib-
orate. The opening of the DB unit therefore will be pro-
moted when there is a demand for oxygen coordination
by other atoms in the glass structure. Both monocyclic
and chain [B4O7]
2 units have much greater ﬂexibility com-
pared to DB units and can provide additional non-bonded
oxygen coordination to Bi atoms, without seriously aﬀect-
ing the volume. Thus [BiO3/2]
0 units of Bi2O3 can acquire
additional coordination and become octahedral
½BiO3=2On30 in the glass structure where On3 in the unit
indicates that there are three oxygens which are only
coordinated but not covalently bonded to Bi. Indeed
bismuth prefers six coordination positions in glasses [31].
Thus the added Bi2O3 may induce breaking up of the
DB units in order to fulﬁll its own coordination require-
ments. Mixed bonding may also occur through
/
\
\
/
/
\
\
/
/
\
\
/ B−O−2BiB−O−BBi−O−Bi during glass forma-
tion. The absorption frequencies in the region of 530–
480 cm1 may arise from Bi–O–B bond stretching.
Presence of chains resulting from degradation of bicyclic
diborate evidently helps incorporation of Bi2O3.
In the case of TeO2, it is well known that it forms
[TeOO2/2]
0 and [TeO4/2]
0 units which have trigonal pyrami-
dal (tp) and trigonal bipyramidal (tbp) structures, respec-
tively. Te appears to prefer these coordinations. Trigonal
pyramidal units form chains while tbp units can form 3D
networks either by themselves or in combination with the
borates. We found in our earlier studies that when the envi-
ronment in the glass is more ionic [30], it promotes
tbp! tp conversion. Thus when TeO2 content is small
(y 1  y), the Na2B4O7 host glass is quite ionic and
TeO2 prefers to form chains which slightly interweave the
borate network. Such interpenetrating networks can pack
near ideally as indeed the extrapolation from the initial
molar volume changes as y increases shows that hypothet-ical TeO2 glass has a value of 30.5 cm
3 close to its molar
volume in crystalline phase (27.05 cm3). In such essentially
non-interacting but interpenetrating DB–TeO2 glass struc-tures, the spectroscopic features of the components are not
expected to show any changes which is the case with NBT
glasses. Since the two component structures are also gently
expanded by interpenetration of the two networks, the
spectra appear well resolved. As y increases the average
ionicity of the glasses decrease and TeO2 tends to form
tbp structures. These structures can (1) form Te–O–B
bonds or (2) may prefer to remain as TeO2 glass of tbp
structure which results again in interpenetrating DB–tellu-
rite glass. In the latter case the spectroscopic features
remain undisturbed as observed and therefore the glass
may actually be only an interpenetrating tellurite–DB
glass. Formation of mixed bridges such as B–O–Te is not
clearly evident. Nevertheless, in NBT4 glass with
79 mol% TeO2, presence of tbp, [TeO4/2]
0 units is evident
because of the appearance of 665 cm1 peak in the IR
spectra.
Therefore, in both NBB and NBT glasses, no signiﬁcant
chemical interaction between DB and the added oxides
appears to have occurred except when y = 0.79 (NBB4
and NBT4) where such interactions may be suspected to
be present to a small extent. As a consequence, there is
no change in N4 values and as is clearly borne out in Table
2, N4 values remain P0.5 with in the series. The slightly
greater-than-0.5 value of N4 suggests that during the pro-
cess of formation of ½BiO3=2On30 units some of oxygens
are forced to get close enough to B3 units so that
½BO3=2On10 tetrahedral units are likely to have formed,
there by slightly increasing the observed N4 values.
Molar volumes of NBP glasses vary non-linearly with
PbO addition. In fact the largest change in volume appears
to occur at lower than 25 mol% PbO (Fig. 1b) as indicated
by the dotted line. From the investigated compositions it
may be seen that the number of oxygen decrease from
5.5 moles in NBP1 to 2.26 moles in NBP4 (almost
59 mol% decrease). But the observed molar volumes
decrease from 53.4 cm3 in NBP1 to 40.9 cm3 in NBP4 (only
28 mol%). The important point to note from ﬁgure is that
the steepest change in the molar volume has already
occurred when y reaches 0.25. This indicates extensive
structural break down and better packing of the compo-
nents in NBP glasses even when y = 0.25. The nature of
structural change brought about by further increase in
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67 mol% PbO. Above 67 mol% PbO smooth extrapolation
(plausible but arbitrary) gives molar volume of hypotheti-
cal PbO glass of 23.8 cm3 which is close to the molar vol-
ume of crystalline (yellow) PbO (23.15 cm3). Therefore it
appears reasonable to assume that PbO acts as a modiﬁer
upto 25 mol% PbO and as a network former above
25 mol% PbO. In their IR spectra also, NBP1 and NBP2
glasses reveal clear splitting of trigonal boron peaks in
the 1400 cm1 region which generally occurs when both
[BO3/2]
0 and [BO2/2O]
 units are present (the latter is asso-
ciated with the lower frequency peak). Therefore in the
present DB–PbO glasses, PbO is acting both as a modiﬁer
(low concentration) and as a network former (at higher
concentration). PbO appears to disrupt the DB units and
hence the borate network. As a consequence, a signiﬁcant
perturbation of the electron distribution is expected to
result. In fact in MAS NMR the tetrahedral boron peak
in NBP glasses occurs in the chemical shift range of 0.5–
1.2 ppm while it lies in the range of 4.7–5.2 ppm in the
TeO2 and Bi2O3 containing glasses.
The N4 values in NBP glasses are curiously close to 0.5
in all glasses where we expect N4 decrease because of fur-
ther modiﬁcation. Therefore there is a likelihood of other
mechanisms by which either [B4]
 are produced or the
existing [B4]
 are stabilized. One mechanism which stabi-
lizes [B4]
 units is the separation of [B4]
 units by interven-
ing groups like [PbO4/2]
2, etc. In the present case in the
region where PbO acts as a modiﬁer, the following reac-
tions are expected to occur to various extents:
PbO! Pb2þ þO2 ðiÞ
2B03 þO2 ! 2B4 ðiiÞ
2B03 þO2 ! 2½BO2=2O ðiiiÞ
B4 ! ½BO2=2O ðivÞ
Pb2þ ! Pb2þf½B46mn½BO2=2Om½B30ngð4nÞ ðvÞ
Reactions (ii), (iii) and (iv) degrade DB units. (ii) and (iv)
produce and destroy B4 units. (v) represents a Pb
2+ ion
octahedral complex. The [B4]
 units in the above complex
may perhaps be stabilized. Also in the opened up large ring
or in linear chains reaction (ii) above may restore the loss of
[B4]
 which occurs by reaction (iv). In the region where
0.25 6 y 6 0.67 formation of [PbO4/2]2 (network forming
lead–oxygen structural units) may gradually take over and
these units may position themselves between two [B4]
 units
and stabilize them. It may be noted here that [PbO4/2]
2
may also be produced by structural disproportionation of
PbO as in the case of Al2O3 in SiO2 glasses [61].
2PbO! ½PbO4=22 þ Pb2þ
The point we wish to emphasize is, N4  0.5 and simulta-
neous presence of [BO2/2O]
 may not be inconsistent with
the chemistry of these glasses.
Both when PbO acts as a modiﬁer and as a network for-
mer, DB units get opened up and correspondingly the IRabsorption frequencies exhibit red shifts. Unfortunately,
there is no unique IR spectral feature which can be deﬁni-
tively associated with [PbO4/2]
2 units.
The variation of Tg as a function of y in Fig. 6 is also
consistent with the structural model. In the essentially
non-interacting DB–TeO2 system, the Tg’s decrease almost
linearly. We speculate that this is a reﬂection of gradual
decrease in liquidus temperatures (not measured in our
work) as a consequence of near ideal nature of mixing;
Tg values (Tg = 2/3Tliquidus) decrease continuously. Extrap-
olation towards y = 0 of the Tg line of NBT glasses yields a
Tg value of 730 K for sodium diborate glass which is in
good agreement with literature values (741 K) [62]. In the
slightly interacting DB–Bi2O3 system, [BiO3/2]
0 becomes
½BiO3=2On30 in the glasses. There is an initial drop in Tg’s
which is followed a more gradual decrease. But in the case
of DB–PbO glasses the initial breaking down of DB struc-
ture when PbO acts as a modiﬁer is revealed by a compar-
atively steep drop in Tg. This is followed by a gradually
decreasing Tg in the region 0.25 6 Tg 6 0.79 where new
and weak boro-plumbate structure evolves.
Elastic moduli of the glasses also reﬂect the suggested
structural changes. The variation of K and G for the
pseudo-binary glass systems are shown in Fig. 3(a) and
(b), respectively. In the NBT glasses the bulk moduli are
expected to be determined largely by the DB network
which consists of 4-connected DB units through which
the tp chains of TeO2 permeate. Hence there is a gradual
decrease which for y > 0.67 begin to level oﬀ. This is
because TeO2 prefers to form tbp units which lead to
weaker borotellurite network formation. In NBB glasses
[BiO3/2]
0 units permeate and expand the lattice. While
due to expansion K tends to decrease, the increased connec-
tivity due to formation of ½BiO3=2On30 tends to increase the
K values. The net result is that K remains almost a constant
till y  0.25 beyond which decreases. The decrease is
because the decrease in the proportion of DB characterized
by stronger bonding. When y > 0.67, B–O–Bi and B–O–Te
links may also form. Formations of ½BiO3=2On30 has other
consequences. If DB units are opened up (breaking down
the tight unit) altered diborate units can make available a
maximum of seven oxygens for non-bonded coordination
(if the apical oxygen is also included). Even if the apical
oxygen is assumed not to participate in coordinating to bis-
muth, the additional non-bridging coordination require-
ment of Bi2O3 is completely provided by the diborate
matrix in the glass till the composition becomes
0.5Na2B4O7–0.5Bi2O3. Even if only Bi–O–B bonds were
to form (exclusively) in this region, such linkages can form
till the composition reaches (0.6Na2B4O7–0.4Bi2O3)
(0.6 · 4 = 0.4 · 2 · 3). Therefore a new bonding scheme
may begin to operate in the region above y  0.5 and Bi–
O–Bi linkages begin to dominate. But this is also the region
where DB units are perhaps opened up completely leading
to optimized packing and extensive local reorganization.
The K values show again an increasing trend. The linear
diborate chains begin to provide additional coordination
3.7 3.8 3.9 4.0 4.1 4.2 4.3
3.0
3.2
3.4
3.6
3.8
4.0
4.2
slope= 0.441
ln
 K
 
ln Vm 
 NBP
 NBB
 NBT
Fig. 13. Variation of lnK versus lnVm.
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0 ‘knitting’ together the interpene-
trating borate–bismuthate network.
The structure of DB units are as noted earlier is broken
down by PbO which behaves as a modiﬁer leading to better
packing and also ionic bonding (coulombic bonding always
leads to greater cohesive energies [63]). This is reﬂected in
the reasonably high K values exhibited by NBP glasses even
for y  25 mol% (36 GPa). In ionic materials, K repre-
sents energy densities [64]. In the region of 0.25 6 y 6 0.5,
geometries of borate units may not undergo much change
because, as noted earlier, loss of tetrahedrality of [B4]

due to modifying action of PbO is perhaps compensated
by formation of ½B40 ð½BO3=2On10Þ. Nevertheless, decrease
of DB and break down of the DB network features bring
down K values in the region of 0.25 6 y 6 0.5. For
y > 0.5, the role of Pb changes to that of a network former
which manifests in increased value of K accounting for the
observed minimum in Fig. 3a.
The structural consequences of adding Bi2O3, TeO2 and
PbO bring about qualitatively diﬀerent response to shear.
Introduction of [BiO3/2]
0 or [TeOO2/2]
0 into [B4O7]
2 is
essentially packing [BiO3/2]
0 and [TeOO2/2]
0 units into a
DB network. As a consequence, there is a weakening of
the network structure because [B4O7]
2 separations may
increase when large [BiO3/2]
0 and [TeOO1/2]
0 units are
stuﬀed into [B4O7]
2 network. This results markedly
decreased strengths against shear, because shearing occur
largely between DB and ½BiO3=2On30 layers or [TeOO2/2]0
chains which have no shear resisting covalent bonds
between them. Consequently large decrease of G values
are seen in Fig. 3b. The new structural features which
develop above 67 mol% Bi2O3 where upon additional Bi–
O–Bi linkages begin to form packing is somewhat similar
to that in Bi2O3 itself. Therefore there is upturn in G values
reﬂecting increased resistance to shear. In the case of
TeO2tp! tbp conversion is a factor which makes it a struc-
ture containing borotellurite network interspersed with tel-
lurite chains – a structure which is less susceptible to shear.
Therefore G values begin to exhibit slight upturn. The
change in G which occurs in NBP glass can be understood
as follows. Till about 67 mol% PbO is present in the glass,
there is signiﬁcant breakdown of the structure and close
packing of Pb2+, [BO2/2O]
 borate chains whereupon shear
modulus decreases to rather low values. When PbO changes
its role, formation of both borate and boro-plumbate net-
work. The shear strength increases rapidly particularly
above 67 mol% PbO. PbO may also behave like Al2O3
to SiO2 glass: 2Al2O3Al3+ + 3[AlO4/2] where upon
Al3+ occupies octahedral sites and [AlO4/2]
 is inte-
grated into [SiO4/2]
0 network [61]. Here 2PbO!
Pb2+ + [PbO4/2]
2 so that PbO acts as a network former.
Pb2+ occupies positions of octahedral coordination with
oxygen providing charge compensation. This structure is
now better packed and hence G rises rapidly as seen in
Fig. 3b. Thus the general trends of the two important mod-
uli are consistent with the structural model we have sug-
gested. We may note that PbO + 2[BO4/2]
 ! [PbO4/2]2 +2[BO3/2]
0 does not proceed to completion to exclude
[BO4/2]
. Also we feel that formation of ½BO3=2On10 plays
a role in maintaining the network structure and high N4
(0.5) values.
The bulk moduli, we noted represents the energy den-
sity, U/Vm, in simple ionic materials. But, generally K var-
ies as inverse power function of Vm; K ¼ aV nm . Wide
ranges of n have been noted in the literature [1,17] although
no clear relation of n to the structural or bonding parame-
ters has been established. In Fig. 13, we have plotted lnK
versus lnVm. Although there is scatter, the linear ﬁt corre-
sponds to K ¼ 30:6V 0:44m . Thus there seems to be only a
weak K dependence on Vm, but with a positive exponent.
There have been successful eﬀorts in the literature to cal-
culate K of oxide glasses using the relation Kexp =
0.0106Fl3.84 [65] and compare them with the experimen-
tally observed values. l in the above expression is the aver-
age ring size and given by n Æ dM–O/p where dM–O is the
metal–oxygen bond length. F is a compositionally weighted
average value of force constant and equal toP
iðnxf Þi=
P
iðnxÞi where n, x and f represents the number
of bonds, the mole fraction and the M–O force constant
respectively [66–68]. f is generally taken as 17/(rM–O)
3
(md/A˚) [67]. In the present systems of glasses all the com-
ponent oxides exhibit non-unique bonding and contribute
diﬀerently to the total number of bonds (n). Assuming that
PbO, Bi2O3 and TeO2 give rise to 2, 3 and 4 covalent bonds
and form networks, we have evaluated the values of F. As
shown in Fig. 14(a) the average force constant, F, decreases
approximately linearly as a function of y. But as a function
of lnVm, the variation of lnF (Fig. 14(b)) reveals a linear
positive correlation with diﬀerent slopes. F thus scales
() as F  V sm where s values are 2.35, 3.39 and 1.13,
respectively for NBP, NBB and NBT glasses. Therefore
when the actual molar volume dependency of F is taken
into account,
Table 4
The code, energy density ðU 0mÞ, Young’s modulus (E) (theoretical and
experimental), fractal connectivity parameter (D) and Poisson’s ratio
(theoretical and experimental)
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Fig. 14. Variation of (a) force constant (F) as a function of y mol% and
(b) ln F against lnVm.
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Since l ¼ ðndM–O=pÞ; l3:84 ¼ n
3:84
p3:84
 d3:84M–O :Code U 0m
ðkcal=cm3Þ
Etheort.
(GPa)
Eexpt
(GPa)
D = 4G/K rtheort. rexpt
NBP series
NBP1 11.23 92.22 61.51 2.85 0.36 0.21
NBP2 8.76 59.46 48.82 2.67 0.33 0.23
NBP3 6.61 36.00 40.55 2.15 0.29 0.27
NBP4 5.01 22.67 54.79 2.28 0.24 0.26
NBB seriesConsidering dM–O as representing an average bond distance
(average of B–O, Bi–O, Te–O and Pb–O) in the present
glasses, V m  d3M–O. Putting this back into the equation
for K
K  V sm
n3:84
p3:84
 
 V 3:843m  V s1:3m ðn3:84ÞNBB1 8.14 49.79 62.92 2.41 0.30 0.25
NBB2 6.65 35.67 56.84 2.27 0.27 0.26
NBB3 5.35 25.11 51.61 2.14 0.23 0.27
NBB4 4.46 19.10 62.92 2.29 0.19 0.27
NBT series
NBT1 8.62 60.68 55.18 2.12 0.33 0.27
NBT2 7.52 56.09 50.03 2.37 0.34 0.25
NBT3 6.29 48.49 46.88 2.31 0.35 0.26
NBT4 5.02 39.12 43.94 2.08 0.35 0.28The average ring size is also a determinant of the observed
molar volume since larger ring sizes are expected to give
rise to larger Vm. In otherwords n may also be related to
Vm. If we assume that n
3.84  Vt, the entire Vm depen-
dence of K can be approximated as
K  V st1:3mFor the three glass systems, NBP, NBB and NBT, s  1.3
values are respectively 1.05, 2.09 and 0.17, respectively.
Thus the expected variations are
K  V 1:05tm for NBP glasses;
K  V 2:09tm for NBB glasses; and
K  V 0:17tm for NBT glasses;
respectively. Comparing this with the observed V 0:44m varia-
tion of K, we may make the following observations.
(1) In NBT glass t = 0.61 or the inﬂuence of the aver-
age ring size in determining the K–Vm relation is marginal
and the exponent negative. This is consistent with the fact
that TeO2 is present essentially as interpenetrating chains
in the diborate structure. The interaction between the dib-
orate and TeO2 networks is not very signiﬁcant. Since TeO2
is essentially a non-ring forming substitution for Na2B4O7
in NBT glasses, the ring size dependence largely arises from
the diborate units and not be much aﬀected although the
molar volume decreases. (2) In the case of both PbO and
Bi2O3, the exponents are positive. Formation of mixed
rings perhaps brings about this unusual dependence. PbO
acts as modiﬁer at low concentrations and as a network
former at higher concentrations. Thus the average ring size
is expected to be strongly aﬀected. Values of t are 1.65 for
NBB and 0.61 for NBP glasses which indicates a strong
inverse dependence ðV tm Þ on the ring sizes which is as
expected (larger ring size  lower K).
The fractal connectivity parameters, D = 4G/K [69,70]
listed in Table 4 suggest that in all glasses the dimensional-
ity of glass structure lies between 2 and 3 which is consis-
tent with formation of new [PbO4/2]
2 network for
y > 0.5 in NBP glasses and new Bi–O–Bi involving features
in NBB glasses. There are increasing trends observed above
y = 0.5 in these glasses. D parameter drops continuously in
NBT glasses which is as it should be, because continuously
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0 chains. Formation of
[TeO4/2]
0 units may cause only a two-dimensional spread
of the structure above 50 mol% TeO2.
The other two moduli, namely E and L exhibit trends
similar to the bulk moduli values. The relation of
E ¼ 2U 0mV t where Vt is the packing factor [37] has been
tested using U 0m as energy density (U/Vm). The required
values of U have been calculated as equal to P xiDfH 0i
where DfH 0i are the enthalpies of formation of the compo-
nent oxides [37]. The values of U 0m are shown in Table 4.
The trends are consistent in all the three glass systems,
although the absolute values are not.
The magnitudes of Poisson’s ratio (r) (Fig. 4 and
Table 3) are surprisingly low in most of the glasses and
in NBB and NBT glasses it lie in a very narrow range con-
sistent with their value in DB glass. NBP glasses exhibit a
minimum consistent with the dip in the moduli. The break
down of the DB structure due to modiﬁcation and rebuild-
ing of network features at higher PbO concentration is
reﬂected through the occurrence of a minimum in r. Resis-
tance to readjustments in volumes (due to tangential strain)
is most pronounced in degraded intermediate concentra-
tions. We may note that the minimum in r is expected since
r to converge for the pure diborate composition, y = 0.
There is a slight and continuously increasing value of r
in NBT glasses which indicates increasingly weakened
coupling between diborate and tellurite networks. The rela-
tion r = 0.5  0.139/Vt often used in the literature [71]
holds good only approximately which is given as rtheort.
in Table 4.
Debye temperatures decrease in each of the series as
expected because of the introduction of heavy elements.
The emergence of low frequency vibrational modes in the
IR spectra in Figs. 7–9 is generally in evidence since there
is a clear shift of absorption towards lower frequencies
with increasing y. hD represents the temperature at which
all the low frequency ‘lattice’ vibrational modes are excited.
The calculated hD values are plotted as a function of y
in Fig. 5. For NBP4 and NBB4 glasses where PbO
and Bi2O3 concentrations are 79 mol%, hD values tend to
increase marginally reﬂecting changes in structure. Also
hD values are almost equal consistent with the near equal
values of the reduced masses for Pb–O and Bi–O vibrations
and similar force constant [=17/(rM–O)
3] values. In the ﬁg-
ure the extrapolation suggests that the sodium diborate
glass has hD ﬃ 490 K signiﬁcantly lower than its Tg
(741 K) and in good agreement with the value reported in
the literature (489 K) [72]. Further, hD(NBT3)/hD(NBP3) 
1.27 and is close to calculated ratio of hD(TeO2)/hD(PbO) 
1.36. The latter was estimated assuming
hDðNBT4Þ=hDðNBP4Þ ﬃ xDðTeO2ÞxDðPbOÞ 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
lðPb–OÞ
lðTe–OÞ 
r3Pb–O
r3Te–O
s
:
In general therefore behaviour of hD is consistent with the
structural model of the glass where PbO is considered asaﬀecting most the diborate structure particularly for
y 6 25 mol%.
5. Conclusions
Pseudo-binary diborate glasses with PbO, Bi2O3 and
TeO2 have been investigated. On the basis of the infrared,
MAS NMR data it is proposed that the glass structure cor-
responds to a network formed by four connected tightly
bound bicyclic diborate units. Bi2O3 and TeO2 interweave
into this structure till their mole fractions exceed 0.67.
PbO however is suggested to break open the diborate units.
While it acts as a modiﬁer for mole fractions up to 50%, it
begins to act like a network former for higher mole frac-
tions. It is shown that molar volumes, bulk and shear mod-
uli, Poisson’s ratio, Debye temperatures and the glass
transition temperatures vary as a function of the mole frac-
tion of PbO/Bi2O3/TeO2 in a manner consistent with the
above model.
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